Reduction in both presynaptic and postsynaptic structures in the aging neocortex may significantly affect functional synaptic properties in this area. To directly address this issue, we combined whole-cell patch-clamp recording of spontaneously occurring postsynaptic currents (PSCs) with morphological analysis of layer V pyramidal neurons in the parietal cortex of young adult (1-to 2-month-old) and aged (28-to 37-month-old) BNxF344 F 1 hybrid rats. Analysis of spontaneous PSCs was used to contrast functional properties of basal synaptic input with structural alterations in the dendritic tree of pyramidal neurons and density of terminals in contact with these cells.
Reduction in both presynaptic and postsynaptic structures in the aging neocortex may significantly affect functional synaptic properties in this area. To directly address this issue, we combined whole-cell patch-clamp recording of spontaneously occurring postsynaptic currents (PSCs) with morphological analysis of layer V pyramidal neurons in the parietal cortex of young adult (1-to 2-month-old) and aged (28-to 37-month-old) BNxF344 F 1 hybrid rats. Analysis of spontaneous PSCs was used to contrast functional properties of basal synaptic input with structural alterations in the dendritic tree of pyramidal neurons and density of terminals in contact with these cells.
We observed significant changes in a number of morphological parameters of pyramidal neurons in aged rats. These include smaller cell body size and fewer basal dendritic branches (but not of oblique dendrites and dendritic tufts) and spines. Ultrastructural analysis also revealed a lower density of presynaptic terminals per unit length of postsynaptic membrane of labeled pyramidal neurons in the aged brain. This reduction in both presynaptic and postsynaptic elements was paralleled by a significant decrease in frequency of tetrodotoxin-insensitive miniature (action potential-independent) PSCs (mPSCs). The frequency of excitatory and inhibitory mPSCs was reduced to the same extent. In contrast, no significant change was observed in the frequency of spontaneous PSCs recorded in absence of tetrodotoxin (sPSCs), indicating an increase in action potentialdependent (frequency sPSCs Ϫ frequency mPSCs ) input to pyramidal neurons in the aged group. This functional compensation may explain the lack of drastic loss of spontaneous neuronal activity in normal aging.
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Layer V pyramidal neurons in the cerebral cortex, the principal output cells from this area (Feldman, 1984; Landry et al., 1984; De Felipe and Farinas, 1992) , have been shown to exhibit significant structural modifications in aging. Decreases in the number of dendritic structures of layer V pyramidal neurons have been reported in the aging neocortex (Feldman and Dowd, 1975; Leuba, 1983; Nakamura et al., 1985; Lolova et al., 1990; Jacobs et al., 1997) . These atrophies may result in a loss of synaptic substrate. Furthermore, age-related decreases in the number of cortical synapses have also been reported (Huttenlocher, 1979; Adams, 1987; Zecevic et al., 1989; Bourgeois and Rakic, 1993) . Interestingly, there is also evidence that supports a more profound reduction of both dendrites and synapses in deep cortical layers of aged rats (V, VI) than in superficial layers (Wong et al., 1998; de Brabander et al., 1998) . Preferential reductions of presynaptic and postsynaptic structures in these cortical layers may reflect specific loss of functional synaptic inputs to layer V pyramidal neurons.
Loss of synaptic elements in layer V neocortical pyramidal neurons may result in a decline of function in the aged brain. Studies of glucose utilization (Leenders et al., 1990 ) and blood flow (Melamed et al., 1980; Shaw et al., 1984; Gur et al., 1987) revealed significant reduction in metabolic activity in the aged cerebral cortex. In addition, a profound reduction of dendritic spines in the aged brain may suggest a major loss of asymmetric synapses (White, 1989) . Given that these asymmetric synapses have been suggested to be excitatory (Uchizono, 1965; Gray, 1969; De Felipe and Farinas, 1992) , age-related synaptic loss may result in a preferential reduction of excitatory rather than inhibitory synaptic inputs to cortical pyramidal neurons. Although decreases in cortical neuronal activities have been reported (Stern et al., 1985; Roy and Singh, 1988) , no major loss of spontaneous firing rate of layer V pyramidal neurons was shown (Lamour et al., 1985; Stern et al., 1985) . Interestingly, similar stability of cellular characteristics in the aged brain has been observed in the hippocampus (for review, see Barnes, 1994) . One of the possible explanations of this discrepancy is a compensatory functional change in synaptic transmission after loss of synapses.
To test this possibility, we performed whole-cell patch-clamp recordings of spontaneous synaptic events in layer V pyramidal neurons of the neocortex to study action potential-dependent spontaneous postsynaptic currents (sPSCs) and action potentialindependent miniature PSCs (mPSCs) in morphologically characterized layer V pyramidal neurons in the parietal cortex of young adult (1-to 2-month-old) and aged (29-to 37-month-old) Brown Norway ϫ Fischer 344 F 1 (BNxF344 F 1 ) hybrid rats. This strain has the advantage of enhanced resistance to tumors and other genetic diseases with respect to its parental inbred strains (Hazzard et al., 1992; Spangler et al., 1994) , minimizing variability between aged individuals. Each recorded neuron was labeled with biocytin and reconstructed by camera lucida for complete morphometric analy-sis of its soma and dendritic structure for comparison with properties of spontaneous PSCs.
MATERIALS AND METHODS
Animals. T wenty-three young adult (1-to 2-month-old; 1.8 Ϯ 0.1 months) and 25 aged (29-to 37-month-old; 31.9 Ϯ 0.4) BNxF344 F 1 hybrid rats (National Institute on Aging) were used in this study. The reference young adult animals used in this study were considered as adult rats because synaptic inputs to pyramidal neurons in this age range have been shown to be both morphologically (Blue and Parnavelas, 1983) and physiologically (L uhmann and Prince, 1991; Sutor and L uhmann, 1995) mature. In contrast to several other studies using prenatal or early postnatal (1-to 21-d-old) animals, the young adult (Ͼ30-d-old) group used in the present study allowed us to evaluate alterations with aging that occur after f ull maturation of the cortex. Aged animals with obvious pathological symptoms and palpable tumors were discarded.
Slice preparation. Half of the young and aged animals were anesthetized intraperitoneally with 1 l of sodium pentobarbital (Somnotol; MTC Pharmaceuticals) per gram of animal weight before decapitation. Whereas no differences in all experimental findings were observed among the anesthetized and unanesthetized groups, data from these two groups were pooled together. All experiments were approved by the University Animal C are Committee and conducted in accordance with its guidelines. After decapitation, brains were removed and immersed in ice-cold oxygenated (95% O 2 and 5% C O 2 ) sucrose-substituted AC SF (S-AC SF) containing (in mM): 252 sucrose, 2.5 KC l, 2 C aC l 2 , 2 MgC l 2 , 10 glucose, 26 NaHC O 3 , 1.25 NaH 2 PO 4 (Fisher Scientific, Houston, TX), 5 kynurenic acid, and 1 pyruvic acid (Sigma, St. L ouis, MO; pH 7.35; 340 -350 mOsm) for 1 min. Using this Ringer's solution improves the survival of brain slices (Richerson and Messer, 1995) . The brains were then glued caudal side down on a brass platform with cyanoacrylate cement in a chamber filled with oxygenated ice-cold S-AC SF, and 400-m-thick coronal sections were cut between bregma 0.5 mm and Ϫ3.0 mm (which contains both the parietal I and II regions; Paxinos and Watson, 1986 ) with a Vibratome (TPI series 1000). Freshly cut slices were incubated in oxygenated S-AC SF at room temperature. After 30 min incubation, slices were transferred to a storage chamber filled with oxygenated normal AC SF (126 mM NaC l instead of sucrose; 300 -310 mOsm). Slices were incubated in this chamber at room temperature for at least 1 hr before performing any electrophysiological recording. An interface brain slice recording chamber with ϳ1 ml /min perf usion of oxygenated AC SF containing 5 mM KC l was used for patch-clamp recording. Recordings were performed at 33°C.
W hole-cell patch-clamp recording. Patch pipettes were pulled from borosilicate glass capillaries (World Precision Instruments) and filled with an intracellular solution (pH 7.2; 275-280 mOsm) composed of (in mM): 100 C s gluconate, 5 C sC l, 10 H EPES, 2 MgC l 2 , 1 CaCl 2 , 11 BAPTA, 4 ATP, 0.4 GTP, 0.5% L ucifer Yellow (Sigma), and 0.2% biocytin (C albiochem, La Jolla, CA). The junction potential of the pipette was corrected by subtracting 10 mV from the recorded membrane voltages ). An Axopatch 200A amplifier (Axon Instruments, Foster C ity, CA) with Ͼ75% series resistance compensation was used for the recording. The access resistance was monitored throughout each experiment (average 14.6 Ϯ 0.7 M⍀), and only recordings with stable access were used. Whole-cell patch-clamp recordings were performed in voltage-clamp mode while maintaining the membrane potential either at the reversal potential for GABA A receptor-mediated PSC s (Ϫ60 mV) to isolate EPSC s or at the reversal potential for ionotropic glutamate receptormediated PSC s (0 mV) to isolate I PSC s. The recorded spontaneous EPSC s and I PSC s were antagonized completely by the ionotropic glutamate receptor antagonist cyano-7-nitroquinoxaline-2,3-dione (C NQX; Research Biochemicals, Natick, M A) and by the GABA A receptor antagonist bicuculline (Research Biochemicals), respectively. At the beginning of each recording, 200-msec-long, hyperpolarizing pulses were used to measure the input resistance and membrane time constant of each neuron. The membrane time constant was obtained by fitting the decay portion of the response with multiple exponential f unctions (Rall, 1969; Jackson, 1992; Spruston and Johnston, 1992) . The slowest time constant was then used to calculate the membrane capacitance. The [K ϩ ] was raised to 5 mM in the bathing solution to increase the frequency of PSC s (Bao et al., 1998) . In a number of experiments, tetrodotoxin (TTX; 1 M from RBI) was also added to the AC SF to block voltage-gated sodium channels and isolate action potential-independent mPSC s. Recordings were low-pass filtered at 10 kHz, stored on a videotape using a digital data recorder (V R-10B; Instrutech). Stored recordings were played back offline, low-pass filtered at 3 kHz, and sampled at 10 kHz on an Intel Pentium-based computer using the Strathclyde Electrophysiology software (by J. Dempster, Department of Physiology and Pharmacology, University of Strathclyde, Glasgow, UK).
Signal anal ysis. Analysis of sPSC s was performed offline using locally designed software (De Koninck). Frequencies, peak amplitudes, rise times, and decay time constants were calculated for each of several hundred sPSC s and mPSC s per cell, using an automated algorithm (De Koninck and Mody, 1994; Chéry and De Koninck, 1999) . The goodness of fit was evaluated on the basis of fitting subsets of points drawn from the whole set of data points as well as from evaluation of the reduced 2 , 2 ϭ 2 /v, where the factor ϭ N Ϫ n is the number of degrees of freedom left after fitting N data points to the n parameters. The necessity to introduce additional exponential components to the fits was judged first on the basis of visual inspection of the fitted curves superimposed onto the data. When the merit of additional components was not obvious, an F test was used to assess how the additional component improved the value of the reduced 2 : F x ϭ ⌬ 2 / 2 (df 1 ϭ 1 and df 2 ϭ ). The critical value for the merit of additional components was set at a low level ( p Ͻ 0.01) to favor parsimony of the fitted f unction.
Morphometric anal ysis. After the recording, slices were immersed in fixative containing 4% paraformaldehyde (PF; BDH) and 0.5% glutaraldehyde (GA; Meca Lab) in 0.1 M phosphate buffer (PB), pH 7.4, for 2 hr at room temperature and post-fixed overnight in 4% PF at 4°C. The tissue was then embedded with 10% gelatin (Sigma), post-fixed for 1 hr with 4% PF, 0.1% GA, and 15% picric acid in PB, and resectioned at 100-m-thick sections with a Vibratome. Free-floating cytochemical staining was performed as previously described (Côté et al., 1993) . PBS (0.01 M, pH 7.4) with 0.2% Triton X-100 (PBS ϩ T; BDH) was used for washing and diluting reagents throughout the experiments, and two PBS ϩT washes were performed between each incubation. Endogenous peroxidase activity was removed by incubating sections with 0.3% H 2 O 2 in PBS for 15 min. Biocytin-labeled pyramidal neurons were revealed using an avidin -biotin complex method. Briefly, sections were incubated with an avidin -biotin complex (1:1000; avidin ϩ biotinylated horseradish peroxidase; Vector Laboratories, Burlingame, CA) at room temperature for 1 hr. After incubating the sections in a mixture of 0.06% DAB, 0.025% cobalt chloride, and 0.02% nickel ammonium sulfate in PBS ϩ T for 15 min, H 2 O 2 was added, and the reaction was allowed to proceed for 1-2 min. After washing in PBS ϩ T, all sections were mounted on gelatin-coated glass slides, air-dried, dehydrated in ascending concentrations of ethanol, cleared with xylene, and coverslipped with Entellan (Merck, Darmstadt, Germany).
Before revealing the identity of labeled pyramidal neurons, they were reconstructed by a separate investigator using a camera lucida (Leica, Nussloch, Germany). Briefly, dendritic structures from three to four 100-m-thick sections were drawn with a 25ϫ objective. These drawings were stored in a digital format for morphometric analysis using a M4 image analysis system (Imaging Research, St. C atharines, Ontario, C anada). The number of branches and total length of dendrites in four compartments, basal dendrites, oblique dendrites, apical dendrites, and dendritic tufts, were compiled. Basal dendrites were f urther subdivided into different orders to test for differences in branching pattern. In addition, a modified Sholl analysis for studying the dendritic density of basal and oblique dendrites was used. Briefly, concentric circles ranging from a radius of 10 -200 m (in 10 m increments) were drawn from the cell body. The number of intersections between these circles and dendritic structures were measured. Finally, the size of cell bodies was compared.
For comparing dendritic spines, the number of spines on five 50-m-long terminal branches from basal and oblique dendrites, as well as dendritic tufts of each neuron were counted under a 100ϫ oil immersion objective. Terminal regions were chosen because they have been shown to be more sensitive to age-related insults (Buell and Coleman, 1979) . The density of dendritic spines was expressed as the number of spines per 10 m of dendrite.
Ultrastructural quantification of presynaptic terminal densit y. Five young and five aged labeled pyramidal neurons were studied under an electron microscope to measure the density of appositions of synaptic structure on the labeled cells as previously described (De Koninck et al., 1992; Ma et al., 1996) . Brain slices were processed for the demonstration of the labeled cell almost as described above except no Triton X-100 was put into PBS. Resectioned slices were then osmicated, dehydrated in ascending alcohols and propylene oxide, and finally flat-embedded in Epon (Meca Lab). The labeled neurons were photographed and reconstructed with a camera lucida from the flat embedded slices. Samples of the different portions of the labeled neuron (cell body and basal dendrites) were selected and re-embedded in Epon blocks. Subsequently, 4-m-thick plastic sections were cut serially with an ultramicrotome (Reichert-Jung), photographed and compared with the original drawings to identif y the parts of the labeled neuron present in each section. The selected 4-m-thick sections were then re-embedded in Epon, and ultrathin sections were cut, collected onto one-slot formvar-coated grids, counterstained with uranyl acetate and lead citrate, and finally, observed with a Philips 410 L S electron microscope. For each cell, the total number of boutons, both synaptic and nonsynaptic, apposed to proximal and distal dendrites and the cell body was counted on the electron microscope screen at a high magnification (17,700ϫ). Subsequently, the entire studied field was photographed at a low magnification (4400ϫ) for measuring the length of cell membrane to which boutons were apposed using an image analysis system (MCI D-M4 system; Imaging Research). At least five fields of the three studied compartments from each labeled cell were studied. The densities of boutons per 100 m of postsynaptic membrane were obtained for each labeled neuron.
Statistics. Student's t tests were used to analyze the differences in morphological parameters between aged and young rats. Nonparametric Mann -Whitney U tests were used for differences in physiological parameters. The critical value for statistical significance was set at p Ͻ 0.05. All data are expressed as mean Ϯ SEM.
RESULTS

Population of cells studied
A total of 198 layer V neurons were recorded from 23 young adult (1-to 2-month-old) and 25 aged (29-to 37-month-old) BNxF344 F 1 hybrid rats (Table 1) . From these cells, 128 were successfully labeled, and 95 of them were morphologically identified as pyramidal neurons. The criteria used to identify the cells as pyramidal neurons were a triangular-shaped cell body with dendritic structures composed of basal dendrites, oblique dendrites, and an apical dendrite (Feldman, 1984; De Felipe and Farinas, 1992) . However, only 69 from these 95 neurons were selected for both morphological and physiological analyses based on the following criteria. First, only cells with stable access resistance (12.3 Ϯ 0.5 M⍀) throughout the recording were used. In addition, recordings with unstable membrane currents were discarded. Finally, only neurons with a resting membrane potential between Ϫ60 and Ϫ70 mV were selected. Figure 1 shows representative examples of two pyramidal neurons from a young and an aged rat after reconstruction. From these 69 pyramidal neurons, 34 were recorded from young rats and 35 from aged rats. No significant differences were found for the resting membrane potential (Ϫ63.8 Ϯ 0.9 vs Ϫ62.5 Ϯ 1.7 mV), input resistance (90.0 Ϯ 9.1 vs 89.3 Ϯ 6.8 M⍀) between pyramidal neurons from the two age groups. A small, but not statistically significant decrease in membrane capacitance (564.2 Ϯ 31.6 vs 512.1 Ϯ 41.0 pF) was observed in the aged group.
Significant reduction in the size of cell bodies and shortening of basal dendrites in aged rats
Several morphometric parameters of layer V pyramidal neurons in the parietal cortex were significantly altered in the group of aged animals. The size of the cell body of pyramidal neurons in aged rats shrunk on average to 64% of the size of young cells in a twodimensional analysis (392.1 Ϯ 25.1 m 2 in young vs 250.3 Ϯ 18.2 m 2 in aged rats; p Ͻ 0.001; Fig. 1C ). With respect to the total number of basal dendritic branches, pyramidal neurons from aged animals also possessed significantly fewer branches than those from young rats (60.8 Ϯ 3.2 in young vs 39.5 Ϯ 3.9 in aged rats; p Ͻ 0.05; Fig. 2 A) . Consequently, the total length of basal dendrites was also significantly decreased in aged rats (3952.0 Ϯ 139.0 m in young vs 3020.2 Ϯ 279.5 m in aged rats; p Ͻ 0.05; Fig. 2 B) . Figure 2C illustrates quantification of the branching pattern of basal dendrites for the two age groups. We also found a significant age-related decrease in the number of high-order distal basal dendritic branches, including fourth (14.7 Ϯ 0.9 in young vs 11.5 Ϯ 1.1 in aged rats; p Ͻ 0.05), fifth (10.2 Ϯ 1.6 in young vs 4.3 Ϯ 0.8 in aged rats; p Ͻ 0.01), and sixth order branches (6.2 Ϯ 1.1 in young vs 1.0 Ϯ 0.8 in aged rats; p Ͻ 0.01). Furthermore, no seventh and eighth order branches were found for the basal dendrites of pyramidal neurons in aged rats, whereas those values were 2.2 Ϯ 0.9 for seventh order branches and 0.67 Ϯ 0.5 for eighth order branches in young rats. Sholl analysis revealed fewer intersections between basal dendrites and concentric circles at all distances (10 -200 m) from the cell body, indicating lower density of basal dendrites at all distances in aged rats (Fig. 2 D) . The density of basal dendrites in both age groups reached their minimal values at 200 m, and no significant difference in the radial coverage of basal dendrites between the two age groups was found. In addition, a similar decrease (approximately five intersections fewer in aged rats) of dendritic density was found at all distances, implying a uniform loss of branches throughout the basal dendritic field of pyramidal neurons in aged rats. Parallel to the loss of basal dendrites, the density of spines on these dendrites was significantly lower in aged rats (7.6 Ϯ 1.0 spines/10 m of membrane length in young vs 2.8 Ϯ 0.3 spines/10 m of membrane length in aged rats; p Ͻ 0.001; Fig. 3 ).
Dendritic components other than basal dendrites
In contrast to basal dendrites, no statistically significant difference was found in the number of branches for oblique dendrites in young and aged rats (Fig. 4 A) . In addition, there was also no difference in the length of oblique dendrites between the two age groups (Fig.  4 B) . Finally, results from Sholl analysis of oblique dendrites also Figure 1 . Reconstruction of representative labeled layer V pyramidal neurons from young and aged rats. A, Photomicrographs of labeled layer V pyramidal neurons from young and aged rats. Note the obvious age-related alteration of dendrites of the neuron taken from the aged (33-month-old) rat when compared with that of the neuron from the young (2-month-old) rat. Scale bar, 200 m. B, Representative camera lucida reconstructions of two young and two aged layer V pyramidal neurons. Scale bar, 200 m. C, Significant reduction in cell body size of pyramidal neurons in the aged neocortex. The cross-section area of pyramidal cell bodies from aged rats is significantly smaller than that from young rats (***p Ͻ 0.001).
revealed no age-related difference (Fig. 4C) . Although dendrites in the tuft region possessed significantly more branches in aged rats (16.4 Ϯ 1.3 in young vs 44.8 Ϯ 3.8 in aged rats; p Ͻ 0.001), no significant increase in the total length of dendrites in the tuft region was reached in aged rats (Fig. 4 B) . Nevertheless, significant agerelated decreases in the density of dendritic spines were found in both oblique dendrites (6.8 Ϯ 0.9 in young vs 3.6 Ϯ 0.5 spines/10 m of membrane length in aged rats; p Ͻ 0.05; Fig. 3 ), and dendritic tufts (5.6 Ϯ 0.2 in young vs 3.3 Ϯ 0.8 spines/10 m of membrane length in aged rats; p Ͻ 0.05). Finally, similar lengths for the apical dendrites were found in both young and aged animals (527.8 Ϯ 17.3 in young vs 595.6 Ϯ 39.3 m in aged rats; p ϭ 0.26; Fig. 4 D) .
Fewer presynaptic contacts on pyramidal neurons in aged rats
The reduction in number of dendritic branches in aged pyramidal cells may limit postsynaptic substrate for synaptic connections. Yet, we have also recently shown that the density of presynaptic boutons in deep layers of the parietal cortex was reduced in aged brains (Wong et al., 1998) . This finding therefore raises the additional question of whether the density of presynaptic boutons per unit length of dendrites is altered in aged pyramidal neurons. To determine this, we performed ultrastructural quantification of the number of presynaptic boutons in five young and five aged labeled pyramidal cells. Analyses were applied to both the cell body region and basal dendrites. Figure 5 shows examples of presynaptic contacts on an intracellularly labeled pyramidal neuron. Quantification of presynaptic boutons density revealed a significant loss of presynaptic inputs in the cell body region (12.7 Ϯ 0.4 vs 7.9 Ϯ 0.4/100 m of postsynaptic cell membrane in young and aged rats, respectively; p Ͻ 0.01; Fig. 5D ), as well as on basal dendrites (17.8 Ϯ 1.3 vs 13.5 Ϯ 0.4/100 m of postsynaptic cell membrane in young and aged rats, respectively; p Ͻ 0.01) in aged rats. Thus, in addition to a decrease in available postsynaptic structures because of trimming of dendrites and spines of layer V pyramidal neurons, the decrease in density of boutons per unit 
05). B,
Because of this decrease in branching, a notable reduction of total basal dendrites length was found (*p Ͻ 0.05). C, Basal dendrites were further divided into different branching orders following the scheme described in the insert (C1, cb, cell body; number represented different branch orders). Significant age-related decreases were found for the number of fourth order (*p Ͻ 0.05), fifth order (**p Ͻ 0.01), and sixth order (**p Ͻ 0.01) basal dendritic branches. Furthermore, virtually no seventh order and eighth order basal dendrites were found in aged pyramidal neurons. This illustrated a significant loss of high-order basal dendritic branches in the aged brain. D, Results from a Sholl analysis also illustrated an age-related decline in the density of basal dendrites. The number of intersections of these dendrites with concentric circles placed at increasing intervals (10 -200 m; 10 m increments) from the cell body was lower in aged pyramidal neurons than in young rats at all distances ( E). However, no change in the pattern of basal dendritic density was found in aging. Thus, these results indicate that basal dendrites from both young and aged rats covered similar radial distances, but that aged rats had fewer dendritic branches. A, Drawings represent camera lucida-reconstructed terminal dendritic segments of different dendritic regions from both young and aged animals. Note the striking differences in terms of spine density and dendritic thickness between these two aged groups. Scale bar, 10 m. B, Histogram illustrating the difference in the spine density in different dendritic regions between young and aged neurons. Significant reduction in spine density was found for basal dendrites (***p Ͻ 0.001), oblique dendrites (*p Ͻ 0.05), and dendritic tuft (*p Ͻ 0.05).
length of dendrites further decreases the amount of available synapses onto these cells.
Comparable frequency of spontaneous PSCs in aged layer V pyramidal neurons
Given the marked shortening of dendrites and decrease in density of presynaptic boutons in layer V pyramidal neurons, one would expect a comparable reduction in synaptic input bombarding those neurons. To test this we quantified the level of spontaneous PSCs. Thirty-seven (18 young and 19 aged) of the 69 selected pyramidal neurons were recorded for sufficient duration to obtain data on sPSCs. For the remaining 32 (15 young and 17 aged) pyramidal neurons mPSCs (action potential-independent) were recorded. Representative traces and distribution of amplitude, 10 -90% rise time, and decay time constant of both sEPSCs and sIPSCs are shown in Figure 6 .
To determine whether the functional synaptic inputs were modified in aged rats after the reported loss of synaptic substrate, we measured the frequency of both sEPSCs and sIPSCs. Despite the drastic reduction in synaptic substrate in aged rats, no difference in the frequency of either sEPSCs or sIPSCs was found between young and aged rats (Fig. 7) . Comparison of the amplitude of sIPSCs between these two animal groups also revealed no difference (Fig. 8) . A significant decrease of sEPSC amplitude was however observed in aged rats (28.2 Ϯ 1.7 in young vs 21.7 Ϯ 1.9 pA in aged rats; p Ͻ 0.05; Fig. 8) .
A change in electrotonic properties of the cells could have resulted in different space-clamp attenuation of sPSCs between the two cell populations and thus affect the amplitude measurements and detection of the events (for review, see Rall and Segev, 1985; Spruston et al., 1994) . To control for this possibility, we compared the kinetic properties of sEPSCs and sIPSCs in both aged groups. The decay phase of both sEPSCs and sIPSCs were adequately described by a monoexponential function, consistent with previous reports (for example, see Salin and Prince, 1996) . No significant difference in decay time constant of sEPSCs (3.3 Ϯ 0.3 msec in young vs 3.6 Ϯ 0.2 msec in aged rats; p ϭ 0.35) or sIPSCs (5.7 Ϯ 0.8 msec in young rats vs 5.5 Ϯ 0.6 msec in aged rats; p ϭ 0.82) were found between the two age groups (Fig. 8) . These findings are consistent with the lack of change in capacitance of pyramidal neurons from the two aged groups (564.2 Ϯ 31.6 in young vs 512.1 Ϯ 41.0 pF in aged rats), lack of change in input resistance (90.0 Ϯ 9.1 in young vs 89.3 Ϯ 6.8 M⍀ in aged rats), and thus membrane time constants (3.9 Ϯ 0.3 in young vs 3.6 Ϯ 0.3 msec in aged rats). We also compared the 10 -90% rise time of sPSC between the two groups of cells. As for the decay time constant, no difference in the rise time of either sEPSC (1.0 Ϯ 0.07 in young vs 1.1 Ϯ 0.05 msec in aged rats; p ϭ 0.08) or sIPSC (1.2 Ϯ 0.1 in young vs 1.4 Ϯ 0.3 msec in aged rats; p ϭ 0.4) in young and aged rats were found (Fig.  8) . Thus, the lack of difference in rising kinetics of the sPSCs indicates that the events originated at similar electrotonic distance from the soma of the recorded neurons in both age groups.
Decrease in action potential-independent (miniature) PSCs in aged rats
The sPSCs we recorded correspond to the sum of two types of synaptic activity. One is resistant to TTX and corresponds to the action potential-independent spontaneous release of neurotransmitter at synapses (referred to as miniature synaptic activity; Fig. 9,  insert) , the other type of activity reflects the level of spontaneous action potential firing in neurons presynaptic to the recorded cell ( Fig. 7, insert) . To determine whether the reduction in synaptic substrates in aged rats result in a loss of miniature activity (reflecting the number of functional boutons in contact with the pyramidal neuron), we compared properties of both mEPSCs and mIPSCs in young and aged rats in all pyramidal neurons. The mean 10 -90% rise times of mEPSCs and mIPSCs were 1.0 Ϯ 0.1 and 1.4 Ϯ 0.3 msec, respectively. Similar to sPSCs, the decay phase of these spontaneously occurring mPSCs was adequately described by a monoexponential function (Salin and Prince, 1996) .
In contrast to the findings with sPSCs, a significant decrease in frequency of both mEPSCs (3.3 Ϯ 0.5 Hz in young vs 2.2 Ϯ 0.5 Hz in aged rats; p Ͻ 0.05; Fig. 9A ) and mIPSCs (9.6 Ϯ 1.4 Hz in young Fig. 9A ). These sPSCs result from the sum of both the intrinsic releasing properties of the synaptic terminal and the action potential firing activity in neurons presynaptic to the recorded cell. B, C, Histograms show the frequency of both sEPSCs and sIPSCs from young and aged rats. The cumulative probability plots on the right of each histogram further illustrate the modification in the distribution of frequency for both sEPSCs and sIPSCs with aging. These plots were constructed by adding equal sets of 100 consecutive sPSCs taken from each neuron in both age groups (i.e., 1800 events in young and 1900 events in aged animals). vs 6.1 Ϯ 1.0 Hz in aged rats; p Ͻ 0.05; Fig. 9B ) was found in aged rats. Interestingly, a similar relative decrease for both mEPSC (33.3% decrease) and mIPSC (36.7% decrease) frequency was found. No difference in mEPSC nor mIPSC amplitude, decay time constant, or rise time was observed between the two aged groups (Fig. 10) , indicating no change in electrotonic filtering of the events.
Increase in action potential-dependent PSCs in aged rats
Unlike mPSCs, which result from action potential-independent spontaneous release of vesicles from synaptic terminals, the frequency of sPSCs recorded in absence of TTX represents the sum of TTX-insensitive mPSCs and TTX-sensitive (action potentialdependent) PSCs. Given the decrease in mPSC frequency, the comparable frequency of sPSCs in both age groups therefore suggests a rise in the action potential dependent, or driven activity (frequency sPSC Ϫ frequency mPSC s ; Figs. 7, 9, inserts) in the aged rats.
DISCUSSION
In the present study, we have identified a number of alterations in the morphology of, and the structural and functional synaptic input to, layer V pyramidal neurons in aged rats. We found a significant reduction in the size of cell body in aged rats. We also observed a significant shortening of total length of basal dendrites in aging, which was the result of a decrease in the number of branches but not the radial extent of the basal dendritic tree. In addition, we showed a drastic loss of dendritic spines in all studied dendritic regions. Finally, a significant decrease in density of presynaptic boutons (per unit length of postsynaptic membrane) in contact with the pyramidal cells was also observed in aged rats. Parallel to these structural deficits in aged brain, we observed a matching decrease in the frequencies of both action potential-independent mEPSCs and mIPSCs without any difference in the amplitudes and kinetic properties of these synaptic events. Although these findings would suggest a decrease in basal synaptic inputs to layer V pyramidal neurons of the parietal cortex, we also observed comparable frequencies of sEPSCs and sIPSCs in both young and aged rats. These results therefore suggest an increase in action potential-dependent PSCs, possibly reflecting a compensatory increase in driven activity from the network of neurons presynaptic to layer V pyramidal neurons counterbalancing the significant loss of synaptic substrate in the aged brain.
Reductions in cell body sizes and dendrites of layer V pyramidal neurons in aged rats
This is the first study that uses an intracellular labeling technique to examine the modification of pyramidal neurons in aged rats. This method allows us to fill dendrites of recorded cell completely for dendritic morphometry as with the conventional Golgi method. The rather simple staining procedures of this labeling method also Figure 8 . Lack of change in the kinetic parameters of sEPSCs and sIPSCs in aged rats. Histogram showing the amplitude, 10 -90% rise time, and the decay time constant of both sEPSCs and sIPSCs from young and aged rats. Apart from a significant lower amplitude of sEPSC in aged rats (*p Ͻ 0.05), no difference in kinetic parameters between the two age groups was found ( p Ͼ 0.1). The cumulative probability plots on the right of each histogram further illustrate the lack of change in the distribution of these parameters for both sEPSCs and sIPSCs with aging. These plots were constructed by adding equal sets of 100 consecutive sPSCs taken from each neuron in both age groups (i.e., 1800 events in young and 1900 events in aged animals).
results in well preserved tissue quality and makes ultrastructural observation of synaptic input to labeled cells possible. In fact, this labeling method has been shown to have several advantages over the conventional Golgi method (for review, see Larkman, 1991) .
Examination of aged pyramidal neurons revealed several unique modifications. We found that the loss of basal dendrite length is mainly attributable to the disappearance of high-order basal dendritic branches but not a shortened radial coverage. However, we still observed a robust reduction in cell body size (34%) in aged rats. This finding, together with the loss of neuropil reported in the present study, is parallel to the reported significant age-related shrinkage of pyramidal neuron in human studies (Koenderink et al., 1994; de Brabander et al., 1998) . This significant reduction of soma size may account for the prominent shrinkage of cortical tissue in normal aging (Jack et al., 1998; Fox et al., 1999 ) and Alzheimer's disease (Fox et al., 1996) . It is also of particular interest to note that the preferential loss of basal dendrites matches the more prominent age-related loss of synaptic substrates in deep cortical layers (Wong et al., 1998; de Brabander et al., 1998) .
One of the possible causes of a decrease in dendritic spines may be the loss of presynaptic terminals. McKinney et al. (1999) have shown that blocking ongoing AMPA-receptor mediated EPSCs by botulinum toxin in hippocampal slice culture caused a decrease in the density of spines in CA1 pyramidal neurons. In contrast, no change in spine density was found when incubating the slice culture with TTX. This finding suggested that spontaneous miniature (action potential-independent) glutamate release from synaptic terminals is sufficient for the maintenance of the spine population.
Functional compensation for the decrease in synaptic structures
It is of particular interest to note that, despite a profound loss of dendritic spines, we did not find a preferential decrease in the frequency of mEPSCs versus that of mIPSCs in aged brain. The age-related decrease in the frequency of mIPSCs (37%) is consistent with the reduction in the surface area of cell body, which appear to be the primary target of inhibitory GABAergic synapses (White, 1989; Soltesz et al., 1995) . This decrease is also parallel to declines in both mRNA level (Mhatre et al., 1991; Mhatre and Ticku, 1992) and density of GABA A receptors (Govoni et al., 1980; Kossut et al., 1991; Wenk et al., 1991; Post-Munson et al., 1994) in the aged cerebral cortex. Because most excitatory synapses appear to occur on dendritic spines (Feldman, 1984) , the reduction in spine density is also consistent with the decrease mEPSC frequency. The net result is a maintenance of the balance between the two types of inputs.
In contrast to the decrease observed in mPSC frequency, no change in neither sEPSC nor sIPSC frequency was found in aged brains. This can be interpreted as indicating an increase in action potential-dependent input (i.e., an increase in the ratio of sPSC frequency to mPSC frequency) and thus an increased activity in neurons that are presynaptic to pyramidal neurons in aged animals. Several lines of evidence indicate that this increase in synaptic inputs is well regulated. For instance, both sEPSC and sIPSC frequency in aged rats were maintained at a comparable level to that in young animals. In addition, the ratio of the frequency of sEPSCs and sIPSCs was similar in both age groups. Given that the balance of inhibition and excitation may play an important role in Figure 9 . Significant reduction in the frequency of both action potential-independent mEPSCs and mIPSCs in cortical pyramidal neurons of aged rats. A, Schematic diagram showing the type of activity reflected by mPSCs recorded from layer V pyramidal neurons (contrast with Fig. 7A ). The propagation of action potential being blocked by addition of 1 M tetrodotoxin (TTX ) in the bathing solution, the mPSCs correspond only to action potential independent spontaneous release of neurotransmitter from synaptic terminals effectively uncoupled from the soma-dendritic region of the presynaptic cell. B, Histogram displaying the significant 33.3% decrease in the frequency of mEPSCs in aged rats (*p Ͻ 0.05). C, Similar significant 36.7% decrease in the frequency of mIPSCs in aged rats (*p Ͻ 0.05). The graphs on the right are cumulative probability plots of interevent intervals further illustrating the decrease in frequency of mPSCs in aged rats. These plots were constructed by adding equal sets of 100 consecutive mPSCs taken from each neuron (1500 events in young and 1700 events in aged animals).
determining the excitability of a neuron, the maintenance of this ratio may explain the lack of any drastic change in the spontaneous firing rates of layer V neurons in aged rats (Lamour et al., 1985; Stern et al., 1985) .
Although we observed similar levels of sPSCs frequency in young and aged rats, the amplitude of sEPSCs was significantly lower in the aged brain. This decrease cannot be explained by a smaller quantal size of EPSCs in aged rats because no difference in the amplitude of mEPSCs was found. sPSCs are likely the result of summation of unitary components that occur synchronously from adjacent terminals originating from the same presynaptic neuron (Williams et al., 1998) . Thus, desynchronization of neurotransmitter release might explain the reduced amplitude of sEPSCs in aged brain. Such desynchronization may be the result of greater separation of terminals in aged brain given the loss of presynaptic terminals we reported. On the other hand, a possible higher frequency of action potentials in aged brain may also increase the level of branch point failures, thus resulting in a lower degree of summation (Migliore, 1996) .
Functional implications
Although the reduction in synaptic substrate has been regarded as the primary cause of cognitive decline in aging (Chen et al., 1995; Wong et al., 1998) or Alzheimer's disease (DeKosky and Scheff, 1990; Terry et al., 1991) , active elimination of synapses may also play an important role in the normal developmental process. For example, in primates, synaptic density in the cerebral cortex has been shown to reach its maximum at 1 month postnatal, to begin its decline at 3 months, and to continue to decline gradually throughout the remainder of its lifespan ). Yet, loss of synapses is not necessarily equivalent to functional deficits. In the present study for example, we observed an increase in action potential-dependent spontaneous synaptic events after a significant loss of synapses in aged rats, thus maintaining a comparable level of inputs to layer V pyramidal neurons.
Several studies have shown no significant changes in single-unit neuronal activity in either the cerebral cortex (Lamour et al., 1985) or hippocampus (Barnes, 1994) . In the present study, we observed a similar ratio of sEPSCs versus sIPSCs in young and aged rats. The balance between these two types of activity may therefore preserve a normal level of excitability in layer V pyramidal neurons in the parietal cortex. Indeed, failure to maintain this balance has been suggested to be the prime factor in the induction of seizures .
The maintenance of balanced spontaneous synaptic activity in the aged neocortex may have important functional significance. Brewer et al. (1998) have shown that firing in the prefrontal cortex, measured by functional magnetic resonance imaging, actually correlated with the remembrance of visual experience. The lack of a major decrease in cortical neuronal activity in aging may explain the moderate cognitive impairment observed in normal aging when compared with pathological conditions such as Alzheimer's disease (Dalla and Boller, 1998) , in which a more drastic losses of neurons and synaptic structures is observed (Coleman and Flood, 1987; Masliah et al., 1989 ; DeKosky and Scheff, 1990; Terry et al., 1991; Figure 10 . Amplitude and kinetics of action potential-independent mPSCs are not altered in aged rats. Comparison of the amplitude, 10 -90% rise time, and decay time constant of mEPSCs ( A) and mIPSCs ( B) between young and aged pyramidal neurons. The cumulative probability plots on the right of each histogram further illustrate the lack of change in the distribution of these parameters for both mEPSCs and mIPSCs with aging. These plots were constructed by adding equal sets of 100 consecutive mPSCs taken from each neuron (1500 events in young and 1700 events in aged animals).
